ABSTRACT: This research tests the accuracy of two methods for age estimation, Cameriere's European formula and AlQahtani's London Atlas, on a multi-population American sample. Digitized radiographs of 360 European American, Hispanic, and American Indian children aged 6-17 years were analyzed. The accuracy of these methods was assessed using the mean and absolute mean difference of the residuals. Results indicate that Cameriere's European formula underestimated age for both sexes, with a mean difference of À1.19 years for girls and À1.32 years for boys, prompting the first author to create an American-specific formula. The London Atlas underestimated age with a mean difference of À0.18 years for girls and À0.16 years for boys. Sex and ancestry had no significant affect on accuracy. The results indicate that both methods can be used for age estimation in an American population.
KEYWORDS: forensic science, forensic anthropology, age estimation, dentition, radiograph, nonadult, forensic odontology Estimating age at death of human remains is a vital component of archeological and forensic research (1) (2) (3) . More recently, due to a worldwide increase in cross-border migration, particularly among nonadults, circumstances that require age estimation methods have expanded to include not only the deceased but also the living. For nonadults, age estimation methods that utilize the dentition are frequently used because teeth are more durable and under greater genetic control than other skeletal tissues (2, 4) . In addition, dental tissues are highly mineralized and thus more resistant to postmortem alterations (5, 6) . Methods that focus on dentition examine the development and eruption of teeth either by direct visual evaluation or from radiographs (7) (8) (9) (10) (11) (12) . Two popular methods proposed by Demirjian et al. (8) and Moorees et al. (9) utilize composite images of developmental stages for individual teeth to determine a maturity score for each tooth, which is then compared to known age standards. Other methods such as dental atlases from Ubelaker (13) and Schour and Massler (12) provide a series of drawings that show one side of the jaws with outlines of developing teeth and eruption relative to a corresponding age.
While age estimation using dentition is widely accepted and used within forensic and anthropological communities, the accuracy of these methods also has limitations that need to be considered. Research indicates sexual dimorphism in the timing, and duration of tooth formation is known, with dental maturity generally being more advanced in females than males (14) . To account for this, many dental age estimation methods publish sex-specific formulae or charts (8, 9) . While this increases accuracy, depending on the condition of the remains it may be impossible to confidently determine the sex of nonadults without the use of DNA, which may or may not be present. In addition, the application of age estimation methods to populations that are dissimilar to the sample from which a particular method is derived is also a critical issue in this field of study. Previous research has demonstrated that there is variability in rate of tooth maturation between populations (13, (15) (16) (17) , while other researchers have found opposing results and assert that dental development is fairly regular regardless of subgroup (18, 19) . Due to these conflicting results, it is important to test age estimation methods on different populations to assess their effectiveness for certain groups.
This study seeks to address these concerns by assessing the accuracy of Cameriere et al.'s (11) European formula for age estimation and AlQahtani et al.'s (10) London Atlas as preliminary research on both methods suggests that both may produce more accurate and precise age estimates than methods currently used in the field (18) (19) (20) (21) .
In 2006, Cameriere et al. (11) developed a linear regression formula for age estimation in nonadults based on the relationship between age and measurement of open apices in seven left permanent mandibular teeth in a sample of Italian children. Since then, this method has been tested on other European populations, resulting in common European formula. Other researchers have applied this method to nonadults from other countries with the majority reporting high accuracy using the European formula (18, 19 ) and a few researchers suggesting the use of populationspecific regression formulas (16, 22) .
The second method, published by AlQahtani and colleagues (10) , is the London Atlas. This evidence-based dental atlas provides an age estimate for individuals aged 28 weeks in utero to 23 years, with samples aged 2 years and older have a uniform age and sex distribution. Current research has also suggested that this method performs better than other commonly used dental atlases (20) .
While previous research suggests that both of these methods perform better than previous methods, to this date, no studies have been conducted on an American population using Cameriere's method and only one study has tested the London Atlas. Thus, the purpose of this study was to assess the applicability of Cameriere et al.'s (11) European formula for age estimation and AlQahtani et al.'s (10) London Atlas of human tooth development chart on an American sample. Ancestry and sex were tested for their significance and effect on estimating age at death for both methods.
Materials
All radiographs were taken from Orthodontics Case File System at the Maxwell Museum of Anthropology at the University of New Mexico. The collection contains more than 20,000 radiographs from 5,600 from patient cases that span over nearly three decades (from 1972 to 1999). The ancestry categories used in this database were taken from "Standards for Maintaining, Collecting, and Presenting Federal Data on Race and Ethnicity" outlined by the United States government. The test sample consisted of 360 panoramic radiographs from individuals aged 7-17 years (Table 1) with each individual belonging to one of the following populations: American Indian, Hispanic or European American. Panoramic radiographs were utilized in this study to follow the protocol originally described by Cameriere et al. (11) and subsequent studies (16, 21, 22) . The sample included 195 males and 167 females with 175 individuals classified as European American, 57 as American Indian and 130 as Hispanic. Exclusionary criteria included the following: hypodontia, hyperdontia, evidence of systemic disease or congenital abnormalities, evidence of extraction, and unclear radiographs. The identification number, date of birth, date of radiograph, and sex were collected for each individual.
Methods
All radiographs were digital and assessed using a computeraided drafting program (Adobe â Photoshop â cc 2014). All cases were numbered, and the real age of each individual was unknown when the radiographs were assessed. Data were analyzed using SPSS (22.0). Each radiograph was assessed twice according to the methodology outlined in Cameriere et al. (11) and AlQahtani et al. (10) with at least 2 weeks in between each assessment. The first method used is explained in detail by Cameriere et al. (11) . Briefly, radiographs of left permanent mandibular teeth, excluding the third molars, are evaluated. The number of teeth with complete root development, apical ends of the roots completely closed (N 0 ), was counted. Teeth with incomplete root development, with open apices, were also examined. For teeth with one root, the distance (A i , i = 1,. . ., 5) between the inner sides of the open apex was measured. For teeth with two roots (A i , i = 6, 7), the sum of the distances between the inner sides of the two open apices was evaluated. To take into account the effect of possible differences among X-rays in magnification and angulations, measurements were normalized by dividing by tooth length (L i , i = 1,. . ., 7). Dental maturity is evaluated according to the normalized measurements of the seven left mandibular permanent teeth (
, the sum of normalized open apices (s), and the number (N 0 ) of teeth with root development complete. Age was calculated with the European formula (11):
where g is a variable equal to 1 for boys and 0 for girls. Age was also estimated using the London Atlas dental chart and the accompanying software for each individual by the first author. For this method, all teeth present were considered when rendering a final age estimate. Using illustrations and the written descriptions for each developmental stage, each tooth was individually examined and the developmental stage recorded, resulting in a final age estimate.
To determine the intra-and interobserver reproducibility of each method, a random sample of 40 radiographs was reexamined by the first author and another observer at least 2 weeks after the initial observation. For Cameriere's method, intra-and interobserver reliability of the sum of normalized open apices (s) was studied by means of the concordance correlation coefficient, and Cohen's Kappa coefficient was used to measure the reliability of the number of the seven left permanent mandibular teeth with root development complete (N 0 ). Intra-and interobserver error for the London Atlas was also calculated using Cohen's Kappa.
The chronological age of each individual is calculated as the difference between the date of birth provided in the dental record and the date on which the radiograph was taken. For both methods, the mean difference was used to assess bias and the absolute mean difference (mean prediction error) was used to assess accuracy independent of bias. For Cameriere's method, a Kruskal-Wallis nonparametric statistical test was performed to determine whether there are significant differences between the residuals among sex and ancestry groups. A paired sample t-test was applied to assess the significance of the difference between DA and CA for the two formulae. A nonparametric Wilcoxon signed-rank test was also applied to assess the significance of the differences between DA and CA. For the London Atlas, dental age was compared with chronological age using a paired t-test and an ANOVA was then applied to determine whether ancestry or sex had a significant influence on age estimation. In addition to estimating age using Cameriere's European equation, an American-specific prediction formula was created. A multiple linear regression model with first-order interactions was developed by selecting by selecting those variables that contributed significantly to age estimations according to the stepwise selection method.
Results and Discussion
There were no significant intra-and interobserver differences for either method, indicating that both methods are reliable. When considering Cameriere's method, the Kappa value for the measurement made the same observer of the number of seven left permanent lower teeth with root development complete (N 0 ) was 0.780 (95% CI = 0.605-0.9107, p < 0.005) and 0.781 for the measurement made by the first and second observers (95% CI = 0.614-0.92), indicating good agreement (23) . Intra-and interobserver error of the paired sets of measurements of the sum of normalized open apices (s) was calculated using the estimated concordance correlation (AEstandard deviation), which was 0.970 (AE0.99) and 0.8548 (AE0.06). For the London Atlas, the Kappa value for intra-and interobserver error was 0.856 (95% CI was 0.725-0.970 p < 0.001) and 0.758, indicating strong-tomoderate reproducibility for this method (23) .
Using Cameriere's European formula, the DA was found to be significantly underestimated for both sexes (p < 0.001), with a mean difference of À1.19 years for girls and À1.32 years for boys, prompting the first author to create an American-specific formula. Following the procure reported in Cameriere et al. (11) , subjects' age was modeled as a function of the morphological variables and the results indicate that not all the variables used for the European model were significant predictors of age in the American sample. Of note, the s variable was not significant, while statistical analysis showed that in the American sample, the morphological variable 94 (first premolar) and 96 (first molar) teeth were significant predictors of age, which were not significant in the European model ( Table 2 ). The results demonstrate that these variables contributed significantly to the fit, yielding the following linear regression formula for the American population:
where g is a variable, 0 for girls, and 1 for boys. This equation, with the considered variables, explained 64.7% of the total variance.
The mean values of absolute differences for the two formulae are presented in Table 3 . Using the American formula, the DA was also found to be slightly overestimated by a mean difference of 0.02 year for girls and boys, and a median difference of 0.22 years for girls and 0.07 years for boys. Using the American formula, the difference between the DA and the CA for both sexes was not statistically significant (p > 0.05). For the European formula, the difference between the two mean absolute differences for both sexes was statistically significant (p < 0.001), at 1.51 years for girls and 1.58 years for boys. Using the American formula, the mean absolute difference was 1.24 years for girls and 1.13 years for boys (girls p = 0.34; boys p = 0.54). Although the ME was better for boys than for girls, the Kruskal-Wallis test indicated that the residuals between boys and girls were not statistically significant (p = 0.233). Cameriere's method, using the American formula, yielded 75% of residuals less than 1.00 year for girls and 63.6% for boys.
While the American formula is an improvement to the European formula, the error rate is still higher than what has been recorded by other authors. Cameriere et al. (21) report a ME of 0.48 years for girls and 0.50 years for boys, De Luca et al. (5) report 0.63 years for girls and 0.52 years for boys, and Gali c et al. (24) report 0.53 girls and 0.55 for boys. These results suggest that this method may be less accurate on an American population than other populations previously studied.
The results of this study, however, are similar to previous studies which suggest that Cameriere's method to be more accurate than other methods widely used within forensics such as those outlined by Demirjian (8) and Willems et al. (25) . Specifically, the absolute mean and median differences for girls and boys, using the American formula, are smaller than the differences published for both the Demirjian and Willems methods (8, 25, 26) . Furthermore, accuracy did improve for some age groups. In this study, DA was overestimated with MEs between 0.03 and 0.99 for age groups between 6 and 12 years.
In addition to sex, individuals were grouped according to selflabeled ethnic groups to determine whether this method is affected by ethnicity (Table 4) . Using Cameriere's European formula, the DA was found to be significantly underestimated for all ethnic groups (p < 0.001), with a mean difference of À1.36 years for American Indians, À1.24 years for Europeans, and À1.24 years for Hispanics.
Using the American formula, age was slightly underestimated for American Indians and Hispanics and slightly overestimated for European Americans. For American Indians and Hispanics, the mean difference was À0.02 year, and for Europeans, the mean difference was 0.07 year. The difference between the DA and the CA for ethnic groups was not significant (p > 0.05). The mean absolute differences were 1.06 years for American Indians and 1.27 years for Europeans and 1.12 years for Hispanics. The mean absolute differences using the American formula were not significantly different. Significance was not found between ethnic groups (p = 0.233). This method yielded 68.6% of residuals was less than 1.00 year.
The differences in the ME between ethnic groups were not statistically significant, indicating that an American-specific, rather than ethnicity-specific equations, can be used to estimate age. More importantly, the difference in means derived from Cameriere's versus the American-specific formula was statistically significant, indicating that while differences in the timing of tooth formation may not be between ethnic populations, but may be geographically influenced. For example, these differences may be caused by differences in climate, nutrition, socioeconomic levels, and urbanization (15, 16, 19) . While the data from this study lend support for the notion that such as difference exists, these data as well as research from others demonstrate that the impact of group differences on the accuracy of age estimation of an individual is small and may not be forensically significant (27, 28) . Results of age estimation for the London Atlas are summarized in Table 5 . This method slightly underestimated age, with a mean difference of 90.17 years (SD = 1.32), but this difference was not significant (p > 0.05). The absolute mean difference (SD) was 1.04 (0.96) years for girls and 1 (0.78) year for boys. Across population groups, the absolute mean difference was 1.05 (0.64) years for American Indians, 0.98 (0.89) year for European Americans, and 1.05 (0.92) years for Hispanics. In both instances, neither sex nor ethnicity had an effect on the accuracy of this method (p > 0.005). For the most part, the mean difference using the London Atlas for age categories was not significant (p > 0.05). Exceptions for this dataset are 6-and 10-year-olds, as well as individuals 15 years and older. The percentage of individuals assigned to the correct age category was 53%. The percentage of individuals within one category from the correct age category was 77%.
The results from this study are similar to those published in previous research, with the mean difference being only slightly higher (0.17 years) than the results presented AlQahtani et al. (20) for the London Atlas (0.10 year), but was still more accurate than the Schour and Massler (À0.76 year) and Ubelaker (À0.80 year) charts. The percentage of individuals assigned to the correct age category was also similar to the results presented in AlQahtani et al. (20) . Furthermore, the London Atlas assigned more individuals from the older age groups to the correct age group than the older charts. This is partly due to the London Atlas' yearly representations of individuals up to age 23 years versus the Schour and Massler and Ubelaker charts in which there is a jump in consecutive drawings for age 15-21 years. Thus, the results from this study indicate that the London Atlas TABLE 3--Summary of mean differences in years (DAÀCA) between the dental age (DA) and the chronological age (CA) and absolute difference (AD) from
Cameriere's formula and the American formula for girls and boys. estimated age more accurately, with greater precision and with a higher percent correctly aged for the London Atlas compared to older charts and may be particularly useful when dealing with older nonadult individuals. While comparing accuracy of different approaches can be problematic because the way in which these methods derive an age estimate is fundamentally different, several researchers have compared the accuracy to understand how different approaches are compared in terms of application (29, 30) . For example, Cameriere's method is very accurate and represents a potentially useful method for age assessment in children between 5 and 15 years (18, 19, 21) ; however, this method may require population-specific regression formulas to maintain its level of accuracy (16, 22) . In addition, the fact that the regression equation uses a sex specific suggests that this method may not be of use in forensic cases for which the sex of an individual cannot be definitely determined. This method also requires multiple steps and appropriate imaging software that, depending on the time and resources of the investigators, may make this method less favorable.
More importantly, Cameriere's method (11), along with other methods currently used within the field (8, 9, 17) , demonstrates a trend for greater accuracy for younger ages and an increasing amount of scatter past the age of 12 years (24, 31) . Specifically, research demonstrates a decline in accuracy and precision in age estimation methods as one approaches the older nonadult years, with many studies not considering individuals past the age of fifteen (18, 19, 22, 24, 26) even though individuals in this age range are forensically relevant (4, 11) . In this context, the London Atlas, with its high level of accuracy and repeatability, could potentially help fill this void, as it makes use of the third molar and provides yearly representations of individuals up to age 23 years. In addition to being useful for estimating age in older nonadults, the London Atlas can also be used in cases involving young individuals where sex cannot be determined, as it provides sex-specific and sex-neutral dental charts.
While the London Atlas is a useful tool for estimating age in nonadults, it is not without its weaknesses. Age is expressed as the midpoint of an age category without an age range. In addition, although the drawings depict tooth-specific results, the high variability in dental development means that it is not unusual to find considerable variation when comparing an individual to the drawings. For example, a single tooth or several teeth may be advanced or delayed relative to the average. Furthermore, if such variation does exist, there are no set guidelines for how to score such individuals. This could potentially lead to variation among researchers with differing levels of education or experience, thus causing greater inter-rater error. Despite the age variation in tooth development, this study shows that the London Atlas is a major improvement in estimating age compared to other dental charts and may be more practical than other, more complicated methods.
Conclusion
This study sought to determine the accuracy and reliability of two new methods, Cameriere's European formula, and the London Atlas, for estimating age of nonadults from dental radiographs. Cameriere's European formula was found to underestimate chronological age in both sexes, leading researchers to propose an American-specific formula. Using this formula, age was slightly overestimated, but the difference was not significant (p > 0.05). The London Atlas also underestimated age in an American Population, but the results were not significant (p > 0.05). Furthermore, the results of this study indicate that the London Atlas is more accurate than older charts. While both methods have limitations, this study shows that the methods outlined by Cameriere et al. (11) and the AlQahtani et al. (10) are applicable to an American population and could represent an improvement to the older dental aging methods (7) (8) (9) 20, 25) .
Future research hopes to incorporate radiographs from other geographic regions to obtain a better representation of the United States. Furthermore, such studies should consider the effects of the regional composition, sex, nutrition, and chronological age distribution of the sample and statistical procedures on the accuracy and reliability in nonadult dental age estimation methods (2, 32) .
